Water availability is one of the most important factors for economic development in the Middle East. The Water Evaluation And Planning (WEAP) model was used to assess present and future water demand and supply in Syria till 2050. Nonconventional water resources, climate change, development, industrial growth, regional cooperation, and implementation of new water saving techniques/devices were considered important factors to include in the analysis using the WEAP model. Six scenarios were evaluated depending on the actual situation, climate change, best available technology, advanced technology, regional cooperation, and regional conflict. The results display a vital need for new water resources to balance the unmet water demands. Climate change will have a major effect on Syrian water resources; possible regional conflict will also to a major extent affect water balance. However, regional cooperation and using the best available technology can help in minimizing the gap between supply and demand.
Introduction
Balancing water supplies and demands in arid and semiarid areas will be a great challenge during the coming decades. The Middle East is one of the world's most water-challenged areas with possible future conflicts over shared water resources. Syria, as most countries in the Middle East, is confronted by severe water problems due to both climatic conditions and socioeconomic factors. The region is characterized by a rapidly increasing population, which has resulted in a sharp decline of the per capita water availability. Under these conditions water is the prime factor for a sustainable environment and, even more importantly, economic development. Agriculture is the largest consumer of water resources with a strong trend towards developing irrigation. Linked to these forecasts of water scarcity are growing estimates of food dependence. Cereal imports, which represented 33% of needs in 1995, may increase to 50% up to 2025. Another future change is expected due to climate change. Climate change will reduce Syrian water resources by some 1300 million cubic metres (hm 3 ) by 2050 (Mourad and Berndtsson 2012) . At a country level, several studies have been made regarding available future water supply and demand for Syria. However, few studies have been made at a subcountry level. Even if a study displays a balance between supply and demand at the country level, great imbalances may appear at sub-country levels which need to be addressed.
WEAP system
The Water Evaluation And Planning (WEAP) system is an initiative of the Stockholm Environment Institute that provides a framework for water assessment and planning which can be used to represent current and future water conditions in a given area depending on key assumptions (Lévite et al. 2003) . The model can explore a wide range of demand and supply options for balancing environment and development. The following are necessary inputs to WEAP: (1) catchment delineation and characterization such as area, population, water uses (drinking, irrigation, industry, energy and tourism) and water resources (surface and groundwater, irrigation return flow, and wastewater); (2) climatic data such as precipitation, evaporation and evapotranspiration; and (3) infrastructure operations such as dams and wastewater treatment plants.
WEAP can be used as an integrated decision support system (DSS) that helps policy makers and other stake-holders in their water plans in water resources, wastewater and simulation between alternatives (e.g. McKinney 2004 , Assaf and Saadeh 2008 , Qin et al. 2011 . WEAP can also be used to create water scenarios to be used by other models such as MONERIS and QUAL2K (Gaiser et al. 2008) . Thus, the model may help in the assessment of water uses, reallocations among sectors, assessing upstreamdownstream links, and testing options for matching water supply and water demand (e.g. Hoff et al. 2007 , George et al. 2011 . Hoff et al. (2011) developed a water resources tool for the Jordan River Basin using WEAP, which indicated that climate and socio-economic change are both key drivers of future water scarcity in the basin. Droubi et al. (2008) studied the groundwater balance in the Zabadani basin in Syria using the WEAP model together with MODFLOW. However, to the authors' knowledge, WEAP has not been used before to assess the overall water status in the Syrian basins.
The main objective of this study was to assess the impacts of different water challenges, such as climate change, population and development growth, regional cooperation and regional conflict, and using best available technologies, on future water balance within the Syrian water basins. These challenges were analysed through different WEAP scenarios taking into account the large climatic difference between the coastal and inland basins in Syria. Even if there is a balance between demand and supply at the Syrian country level, WEAP will be able to indicate whether some basins will need reallocation of water for improving the water balance.
Methods and data
Syria has a population of 21 million on an area of 185 180 km 2 . The country has a complex water situation. Syria has seven water basins (a water basin or catchment is the area upstream of a certain point in a stream that collects all surface water and groundwater runoff): Barada and Awaj (BAB), Al-Yarmouk (YB), Orontes (OB), Dajleh and Khabour (DKB), Euphrates and Aleppo (EAB), Desert (DB), and the Coast (CB), each of which has its own characteristics (Fig. 1) . Most of these basins are shared with other countries. Each basin has surface water and groundwater resources. Surface waters include 21 main rivers, 12 of which are shared with other countries in the region and some of which are seasonal streams during three to six months a year, eight main lakes, and 150 surface dams. Syrian groundwater includes about 140 springs. At present, some of these springs are not giving any water due to prolonged drought. More than 40% of the springs have an average quantity of less than 15 L/s. Syria has more than 200 000 wells. About half of these are illegal. Therefore, any estimation of actually pumped groundwater will contain some errors and uncertainties (MoI-SYR 2012) .
The WEAP model was used to consolidate all the data needed to simulate current and future water status in the Syrian water basins. Figure 2 presents (MAAR-SYR 2012) . Due to the large number of reservoirs, rivers, springs and wells within the Syrian water basins, surface water, groundwater and net evaporation were taken as an average for each basin. Moreover, due to the difficulty in accessing data during the present period, 2008 was used as a basis for comparison with future estimates.
The WEAP model for Syria was run at an annual time step, so that all input data, including surface water and groundwater inflows and water demands, were aggregated to annual values. In addition to these data, WEAP needs key assumptions to build future scenarios. The first key assumption was the population growth. According to available information, the highest population growth of 2.9% occurs in EAB, where important economic development and agriculture projects are taking place. The CB, on the other hand, has the lowest population growth of 1.5% (Mourad and Berndtsson 2012) . Furthermore, and according to the CBS, there was a decrease in the average population growth from 3.1% in 1965 to about 2.3% in 2010. Accordingly, population change is projected to be dependent on spatial location.
The second key assumption was the industrial growth. According to the CBS, industrial development increased from about 30 000 in 1970 to about 100 000 industrial projects in 2010, which gives an average annual industrial growth of about 2%. This was assumed to increase industrial water consumption by the same percentage (Mourad et al. 2011) . To exemplify the key assumptions mentioned above, the BAB will be described in detail. According to the Ministry of Irrigation in Syria, Table 1 presents information about the BAB for 2009. The annual reclaimed water in Table 1 Table 2 ). According to the CBS of Syria (CBS-SYR 2014b), Table 3 presents the number of industrial establishments from 1970 till 2011. The table gives the increase in industrial establishments before 2010. However, due to the civil conflict there is no significant increase in this basin. According to the WEAP system, water demands have been classified, depending on their priority, into two categories: (a) for drinking water and evaporation; and (b) for agriculture and industry, which means water supplies will cover firstly the drinking water and then evaporation demands.
The following six scenarios were simulated in the WEAP model:
(1) Reference scenario (RF). The water demand is assumed to increase according to the population and industrial growth and the water irrigation techniques will not change substantially up to 2050. This means that there are no new developments or improvements regarding sanitation, drinking water or irrigation systems. (2) Climate change scenario (CC). The Middle East is likely to face a decrease in precipitation by 20-25%, which will reduce the runoff by about 23%, and the Euphrates River flow may be reduced by 30-70%. Middle East average temperature may increase by about 2.5°C to 2050, which will affect evaporated water amounts (Trondalen 2009 , Breisinger et al. 2011 . Evans (2010) (Mourad and Berndtsson 2012) , the annual rainfall decrease will be about 0.5%. Therefore, and as more than 50% of the Syrian water resources are transboundary, the annual water resources are assumed to decrease by about 0.25%, while annual evaporation rates will increase by about 0.25%. (3) Best available technology scenario (BAT). This scenario depends on using the best available technologies by the implementation of modern irrigation systems, using closed water cycles in industry, and using water saving devices, which may include dual flush toilets, water widgets that entrain air into shower flows, and tap aerators that regulate tap flow rates to about 5 litres per minute. For the future domestic demand projections, we assumed, due to the expected improvement in the drinking water systems, that the domestic consumption will be 125 litres per capita per day (Lpcd) in 2050. This means that the annual daily per capita domestic water demand will be reduced by about 40% by 2050. assumed that, due to water shortage and urban development, the cultivated land will be constant and the implementation of modern irrigation practices will save about 10% of the water consumed by agriculture in each basin by 2050. (4) High-tech scenario (HT). This scenario is based on the BAT scenario; however, it also includes hightech implementation, which depends on cloud seeding, rainwater harvesting and greywater reuse in toilet flushing. We assume that cloud seeding will increase the precipitation by about 10%, and rainwater harvesting may save another 1.5% of the annual rainfall by 2050. For greywater re-use and according to Mourad et al. (2011) , Syria can save up to 35% of its drinking water by using greywater in toilet flushing. (5) Regional cooperation scenario (RC). This scenario assumes that a peace agreement between Syria and Israel, which acknowledges the Syrian water rights from Lake Tiberias and the Golan Heights, will be achieved. This agreement may increase surface water and groundwater in YB and BAB by about 400-500 hm 3 /year. This agreement is unlikely to be achieved because of the high Israeli discharge of water from Lake Tiberias, which covers more than 30% of its total needs. However, possible cooperation can propose new resources for both sides including seawater desalination and wastewater re-use. Another agreement with Turkey may increase the pumped water from the Tigris by about 500 hm 3 /year. Both agreements are expected to occur by 2015. (6) Conflict scenario (CO). In contrast with the previous scenario, any conflict with Turkey may affect the water agreements between Syria and its neighbours. According to the current agreement between Syria, Turkey and Iraq, Syria receives 500 m 3 /s from the Euphrates River, 58% of which should be released to Iraq (MoI-SYR 2012) . In this scenario we assume that, due to conflict, Turkey will reduce this amount to 250 m 3 /s in 2015. The new key assumption here will be the reduction of surface water flow from the Euphrates by 50%.
In this regard, it should be noted that, due to the difficulty in accessing information for Syria at present, this research is limited to the annual time step, and water volumes related to the currently national conflict are not considered. Thus, potentially important information is lost, such as the identification of seasonal scarcity (including drought and war effects). However, the results may still give important information and needs for future intrabasin transfers.
Results and discussion

Population growth
The expected population increase after 2008 is shown in Fig. 3 . The figure indicates that the population in EAB will be 90% larger in 2050. The population in CB in 2050 will be 50% larger as compared to 2008.
Water resources
According to the above methodology, the model results indicate a big gap between supply and demand. The annual unmet demands are, e.g. groundwater representing about 2000 hm 3 . Surface water and groundwater resources in all basins were fixed in the RF, BAT and HT scenarios. However, they were assumed to change in the RC, CO and CC scenarios. In contrast, nonconventional water resources, such as reclaimed water and rainwater harvesting, depend on the respective scenario. Table 5 shows surface water and groundwater projections in 2050 in each basin according to the six scenarios. It shows that the RC scenario is vital for the BAB, YB and DKB basins. However, the CO and CC scenarios would have an important effect for the EAB basin Figure 3. Population increase in the Syrian water basins.
Water demand
Depending on scenario, each water demand sector will be different. The total demand is the same in the BAT, RC, CC and CO scenarios. However, the total demand is higher for the RF as compared to the HT scenario. Table 6 presents water demand projections for 2050 in each basin according to the six scenarios. It is shown that the HT scenario would be the best for reducing water demands in all basins. The decrease of water demands in the BAT, RC and CO scenarios is due to re-using water and improving domestic, irrigation and industrial systems.
Unmet demands in Syria
Taking Syria as a unit and according to the RF scenario, the unmet demands, which refer to the water shortage, may exceed 3500 hm 3 in 2050 (Fig. 4) , and this reflects the need to develop new technologies, new cooperation, or better water management plans to reduce this shortage. However, the implementation of the BAT scenario will reduce this shortage by about 50%, in spite of population and industrial growth, due to the improvement of drinking water systems and the implementation of modern irrigation systems (Table 7) . Therefore, the BAT scenario was assumed to be the base for the other four scenarios. Accordingly, the HT and RC scenarios can minimize the water shortage problem. The HT scenario results showed that Syria could save more than 600 hm 3 /year by rainwater harvesting (Table 8) and water shortage will be around 1500 hm 3 in 2050. The RC scenario also reduced the unmet demand to about 1500 hm 3 . Therefore, the joint HT and RC could solve the future Syrian water problems.
A threat is the CO scenario. If we categorize drinking water to be a first priority, the unmet demand will mainly affect the agricultural sector. However, illegal wells may cover this unmet demand, but this will consume nonrenewable water, which will lower the groundwater table in the specific basin. The effect of climate change is less than the conflicts and reference scenarios, which means that water resources management can adapt to climate change by proper water saving techniques. This indicates that cooperating through transboundary water agreements may well be a climate change adaptation strategy. Table 9 presents the increase of demand coverage in each scenario from the RF scenario, and shows that the HT and RC scenarios can reduce the gap between demand and supply. Figure 4 . The unmet demand in Syria based on the six scenarios.
Unmet demands in each water basin
In order to analyse the future water situation in Syria in more detail, each basin was studied and assessed separately by the WEAP. The assessment estimated the unmet demand, the water shortage, for each basin in each scenario. The results of these assessments are shown below:
• Barada and Awaj basin: the unmet demand starts from about 335 hm 3 and can be reduced to about 300 hm 3 by the HT or RC scenario. Moreover, the CC scenario may increase the unmet demand to 630 hm 3 in 2050 (Table 10 ).
• Al-Yarmouk basin: the unmet demand will not be affected by the conflict scenario; however, the RC may balance water needs. The CC may increase unmet demand by 20 hm 3 , as compared to the BAT scenario.
• Orontes basin: the implementation of all scenarios will not balance the water shortage here. However, transferring water from a nearby basin may help.
The unmet demand will start from about 800 hm 3 and can be reduced to about 700 and 600 hm 3 by the implementation of the BAT and the HT scenarios, respectively.
• Dajleh and Khabour basin: the use of illegal wells could balance water needs by 2015. However, the unmet demand will increase and it may reach 500 hm 3 according to the RF scenario. The BAT, HT and RC scenarios may reduce this shortage from 450 hm 3 to about 300 hm 3 in 2050.
• Euphrates and Aleppo basin: there is no significant unmet demand for the first five scenarios. It is about 300 hm 3 in 2050. However, the conflict scenario will affect the agricultural sector. A drastic jump in the unmet demand will affect EAB, in the CO scenario (Fig. 4) , due to the fact that Turkey will reduce the Euphrates flow amount from 500 to 250 m 3 /s in 2015. This may increase the unmet demand to about 1800 hm 3 .
• Desert basin: starting from 2015, this basin has a water shortage problem of about 400 hm 3 . However, the implementation of the BAT scenario will reduce this unmet demand to about 300 hm 3 by 2050.
• Coastal basin: according to all scenarios, the coastal basin will not face any kind of water shortage until 2050. Moreover, the coastal basin is the only basin that can store about 200 and 11 hm 3 of surface and groundwater, respectively. This will give an opportunity to transfer 200 hm 3 of water from the coast to the Orontes basin.
Conclusions
The WEAP model was used to assess future water supply and demand in Syria. Six scenarios were represented, namely, reference (RF), best available technology (BAT), climate change (CC), high-tech (HT), regional cooperation (RC) and conflict (CO). The unmet demand projections by 2050 in Syria as a unit, according to the scenarios, were 3500, 2000, 2800, 1500, 1600 and 3300 hm 3 , respectively. The RF scenario assumed that the water demand will keep increasing without any influence from the stakeholders. The BAT scenario assumed that implementation of modern irrigation system will be made, using closed water cycles in industry and using water saving devices. The CC scenario assumed that a decrease in precipitation amount by 20-25% is likely to occur in 2050. The HT scenario assumed the use of advanced technological devices. The CO and RC scenarios assumed confrontation and cooperation in the region.
According to the results, none of these scenarios can solve the overall water shortage in the country as a whole. However, some scenarios could solve water problems in some of the water basins. The best solution was a combination of the RC with BAT and HT scenarios, which could reduce the unmet demand to about 1000 hm 3 by 2050. According to this, being able to cooperate can reduce water stress significantly up to 2050. Acknowledging the Syrian demands in the Golan Heights, the water can cover water needs in the AlYarmouk basin and reduce water shortages in Barada and Awaj by about 40 hm 3 . Regarding climate, the results showed that climate change might reduce the inflow from the Euphrates, Tigris and Orontes by 695, 132 and 34 hm 3 , respectively, by 2050. Other water resources will also be affected due to reduced rainfall and increasing evaporation. The predicted decrease is about 700 hm 3 by 2050. Unfortunately, due to the Syrian conflict, which started in 2011, the RF scenario is likely to be the valid one during the next decade. However, more concern can be given to water problems, which have unexpectedly increased.
For future studies, it is highly recommended to run a specific model with more details for the Euphrates and Tigris region. This new research should focus on climate change using downscaled climate projections from GCMs and on developing plausible climate change scenarios for the region.
Finally, WEAP is a powerful tool that can assess and manage the water situation in water basins. Therefore, knowing that agriculture consumes about 89% of Syrian water, more detailed analysis about agricultural water and changing crop patterns for each catchment using WEAP will be the next approach to tackle water shortage in Syria.
